The Pallaresa cattle breed is a native population of beef cattle found in the western regions of the Catalan Pyrenees (Spain). Since the second half of the twentieth century, population size decreased dramatically in favour of the Bruna dels Pirineus breed. At the present time, it is classified as a relic breed on the brink of extinction by the FAO, as only 22 breeding animals remain alive (2 bulls and 20 cows). Its importance as genetic and cultural heritage and its contribution in maintaining the landscape and ecosystem, as well as its unquestionable interest as a tourist attraction, make it an irreplaceable element in this area. In this paper, we present the breed characterisation of the population at the molecular, genealogical and morphological levels, and the comparison and phylogenetic relationships with other local breeds, in order to contribute to the characterisation of this prominent genetic resource. Genealogical analyses showed that the Pallaresa population is highly inbred. The mean inbreeding for both the whole pedigree and the living population was 18.93% and 25.71%, respectively. A set of 15 microsatellites were typed on the available Pallaresa individuals to ascertain the genetic variability of the breed at the molecular level and to allow a direct comparison with a set of previously studied 19 local cattle breeds from Spain, Portugal and France. The average number of alleles per locus for the Pallaresa breed (4.3) was the lowest of the analysed breeds and the withinpopulation genetic identity, assessed using molecular coancestry, the highest (0.437). The Pallaresa population showed high levels of differentiation from the other analysed breeds. The lowest kinship distance was assessed for the pairs formed with the Bruna dels Pirineus and Salers breeds (0.417± 0.010 and 0.427 ± 0.011, respectively). STRUCTURE analysis showed that most Pallaresa individuals were assigned to one distinct cluster, showing that the breed gathers a unique genetic background. Despite its dramatic population scenario, the Pallaresa breed still preserves moderate levels of genetic diversity. The results obtained from the current study can contribute to design appropriate conservation strategies to prevent its extinction in the near future. The implementation of a mating programme involving Pallaresa bulls and Bruna dels Pirineus cows selected according to genetic and morphological closeness to the Pallaresa breed is suggested to prevent the genetic impoverishment of the population.
Introduction
Local cattle breeds are important genetic resources for agriculture, but many of them are at risk of extinction because of new market and agricultural demands. Unfortunately, some breeds can disappear before being fully documented. This is the case with some autochthonous Iberian breeds, such as the Pallaresa, which have suffered a dramatic reduction in their population sizes due to the loss of their economic importance.
The Pallaresa is a white-coated cattle breed that was traditionally distributed through three counties of the western Catalan Pyrenees (Pallars Sobirà, Pallars Jussà and Vall d'Aran), in north-eastern Spain. According to orally transmitted knowledge, it was descended from breeds from northern Europe that arrived in the western Catalan Pyrenees in about 1750. In relation to its morphology and geographical origin, it can be included in the Turdetanus Trunk (Red Convex trunk), together with the Pirenaica breed, which has shared the same habitat for centuries.
The Pallaresa enjoyed its golden age during the first half of the twentieth century, largely due to three main aptitudes: good capacity for field work and the quality of its meat and milk. However, after the beginning of the twentieth century, farmers began to crossbreed Pallaresa cows with dairy cattle breeds imported from Switzerland particularly the BrownAlpine. The result of these crossbreeds, together with selection for meat production, was the Bruna dels Pirineus breed, which is now widely distributed throughout the Catalan Pyrenees. In the middle of the twentieth century, between the 50 and 70% of cattle in the western Catalan Pyrenees were Pallaresa, but after this the population size decreased dramatically in favour of the Bruna dels Pirineus (Servei de Producció Ramadera, 2003; Parés et al., 2005) . The Pallaresa is now classified as a relic breed by the Food and Agriculture Organization of the United Nations (FAO, http://www.fao. org/dad-is/). At the moment, only twenty-two breeding animals remain alive (two bulls and twenty cows), grouped in a single herd in the village of Besan (Vall Ferrera, Pallars Sobirà) .
The historical, cultural and genetic heritage of the Pallaresa cattle breed is unquestionable. Moreover, productively, the Pallaresa is quite similar to the Bruna dels Pirineus and it is well adapted to extreme mountainous environments. The withers height for adult cows is around 136 cm; the weight of living individuals ranges from 575 to 625 for cows, and from 625 to 650 kg for bulls. Calves are fattened up and slaughtered at one year-old. The carcass yield is 60% (carcass weight around 350-375 kg) (Parés et al., 2005) .
The loss of this autochthonous breed would represent the extinction of selected genotypes for adaptation to mountainous regions, contributing to the genetic impoverishment of the species. Despite its long history, the Pallaresa is not yet included in the Spanish Official Breed Catalogue. In addition, neither genetic nor morphological studies have been previously performed to characterise this breed. Due to the extreme risk of extinction, it is necessary to obtain data from this breed urgently, at least in order to document its main morphological and genetic characteristics and also to explore whether its recovery is possible. For this reason, in 2001, the Department of Agriculture, Food and Rural Action (DAR) of the Catalan Government, in collaboration with the Universitat Autònoma de Barcelona (UAB), began the Pallaresa Cattle Breed Conservation Programme . The objectives of this Conservation Programme were the genetic and morphological characterisation of the Pallaresa population to describe the breed standard, the levels of genetic variability and its phylogenetic relationships. Here we report the results obtained since the beginning of the Conservation Programme and discuss the possibilities for recovering the Pallaresa cattle breed.
Material and methods
Genetic characterisation was carried out using pedigree analysis together with microsatellite markers. We analysed the information contained in the Pallaresa cattle Herd Book, in which 66 animals were registered between 1962 and 2009. This information belonged to one only herd located at Besan (Vall Ferrera, Pallars Sobirà). The level of pedigree completeness was characterised by computing the maximum number of generations and full generations traced, as well as equivalent generations. In order to characterise the genetic variability of the herd, we computed the effective number of founders (f e ), the effective number of ancestors (f a ), the individual inbreeding coefficient (F) and the individual average relatedness coefficient (AR). The living population (31 individuals) was used as reference population for the computation of the parameters f e and f a . These parameters are detailed in Gutiérrez et al. (2005a) and were computed using ENDOG (current version 4.5) software (Gutiérrez and Goyache, 2005) .
We obtained blood samples from twenty individuals (18 cows and 2 bulls) for molecular genetic analyses. DNA was extracted according to a standard phenol-chloroform protocol (Ausubel et al., 1987) . Fifteen microsatellite loci were  amplified: CSSM66, ETH10, ETH152, ETH225, ETH3, HEL1,  HEL5, HEL9, ILSTS5, INRA23, INRA35, INRA37, INRA5, INRA63 and TGLA44 according previous analyses (Cañón et al., 2001; Beja-Pereira et al., 2003; Jordana et al., 2003) . PCR products were run in an Applied Biosystems 3100 or 3730 DNA Sequencer and analysed with GENESCAN or GENEMAPPER Analysis software (Applied Biosystems), using internal-size standards. Alleles were coded according to reference samples.
Statistical analyses consisted of estimates of genetic diversity, population structure, assignment tests and phylogenetic inference. We computed unbiased expected (H E ) and observed (H O ) heterozygosity and allelic frequencies with GENETIX v.4.05 (Belkhir et al., 2001) . We tested each locus for heterozygote deficiency estimating the F-statistic value analogue to Wright's F IS with FSTAT for Windows v.2.9.3 (Goudet, 1995) . The polymorphism information content (PIC) for each microsatellite locus, and the raw and the rarefacted (adjusted for sampling size; Hurlbert, 1971 ) number of alleles per locus were computed using MOLKIN v.3.0 (Gutiérrez et al., 2005b) . The kinship distance (D k ) and coancestry coefficients (f ij , Caballero and Toro, 2002) between breeds and within the Pallaresa breed were also obtained with this software. When needed, confidence on the parameter estimates were obtained by means of 1000 bootstrapping replicates. To determine the usefulness of the markers used in this study for parentage analyses, the non-exclusion probability of the first parent (NE-P1) for each locus and overall the panel were calculated with CERVUS v3.0.3 (Kalinowski et al., 2007) . The MICRO-CHECKER software (Van Oosterhout et al., 2004 ) was used to test for the presence of null alleles (non amplifying alleles) in the Pallaresa breed. The BOTTLENECK software (Piry et al., 1999) was used to test the reduction of the effective Pallaresa population size. Tests were performed assuming the Stepwise Mutation Model (SMM; Ohta and Kimura, 1973 ) and the Two-Phases Model (TPM; Di Rienzo et al., 1994) . In the last case, we used the values of 95% of proportion of SMM in TPM and 12 for TPM variance, according to Piry et al. (1999) .
Phylogenetic relationships between the Pallaresa and other cattle breeds were inferred by neighbour-joining method (Saitou and Nei, 1987 ) using Reynolds genetic distance, D R , (Reynolds et al., 1983 ) with POPULATIONS v.1.2.28 (Langella, 2002) . The D R distance is preferably used when genetic drift is assumed to be the main genetic differentiation factor and the divergence time between populations is short (e.g. Laval et al., 2002) . The robustness of the phylogeny was obtained by means of 1000 bootstrap permutations. To perform the phylogenetic analysis we included allelic frequencies from the following breeds previously studied by Cañón et al. (2001) , Aranguren-Méndez et al. (2002) and Jordana et al. (2003) , and distributed throughout Spain (Alistana, Asturiana de las Montañas, Asturiana de los Valles, Avileña, Bruna dels Pirineus, Mallorquina, Morucha, Pirenaica, Retinta, Sayaguesa and Tudanca), Portugal (Alentejana, Barrosã, Maronesa, Mertolenga, and Mirandesa) and France (Aubrac, Gasconne and Salers). The allele size standardization was achieved by typing reference samples. Pair-wise F ST and the estimate of gene flow (as the effective number of migrants exchanged per generation, Nm) among Pallaresa and the other cattle breeds were computed with ARLEQUIN v.3.1 (Excoffier et al., 2005) . STRUCTURE v2.3.1 software (Pritchard et al., 2000; Falush et al., 2003) was used to explore the population structure among Bruna dels Pirineus (Bruna from now on), Pallaresa and Pirenaica breeds, whose populations are geographically very close. We assumed that there were three real populations (K = 3), one per breed, but no prior population information was provided for any individual. The assignment of each individual to an inferred cluster was tested under the admixture model, allowing individuals to have mixed ancestry. The length of burn-in period was set to 20,000 and was followed by 100,000 MCMC (Markov chains Monte Carlo) steps. All other parameters were set to default. Values of Q, which define the proportion of each individual's genome that originates from each cluster, were averaged over 20 iterations. Individuals with a threshold Q N 0.80 were assigned to one cluster, or to more clusters if the proportion of membership was Q b 0.80.
Morphological characterisation was performed by means of morphometric measurements of twelve adult cows aged over three years. We analysed a total of 26 biometric variables measured by the same researcher using a zoometric stick, a compass and a tape measure, following the order indicated in Table 4 . Statistic analysis was performed by descriptive statistics using SAS package (SAS, 2004) .
Results

Pedigree analysis
In 2009, a total of 66 individuals belonging to the same herd was registered in the Pallaresa breed Herd Book. The sex ratio between males and females was close to 1:2 (21 males and 45 females). The living population consisted of 31 individuals (22 females). The base population consisted of nine founderseight females and a single male -from which all other ancestors of living individuals were descended. As a consequence, all nonfounder individuals turned out to be related. The maximum number of generations and the maximum number of full generations traced were 6 and 4, respectively. The mean generation equivalent was 2.78 for the whole data set.
Each founder produced one or two registered descendants. All the variability retained in the living population came from eight ancestors (including six founders): a non-founder male and seven females. However, the effective number of ancestors was three. Only one male (named "Pallarés") and one half-sibling female were strictly first-generation descendants. All other generations overlapped. The male Pallarés explained 58.9% of the genetic variability of the breed and 59.9% of the living population. As the pedigree tree became deeper, the percentage of inbred animals increased very quickly. The mean inbreeding (F) was 18.93% and the average relatedness (AR) was 43.94%. These values increased to 25.71% and 51.67% in the living population, respectively (see Table 1 for a summary). All individuals with two complete generations traced (all grandparents known) were inbred. In individuals with four complete generations recorded, the mean inbreeding coefficient and the average relatedness reached 34.23% and 56.55%, respectively.
Microsatellite analysis
All of the 15 microsatellites amplified were polymorphic in the population. The number of alleles ranged from two (ILSTS5) to seven (CSSM66) ( Table 2 ). Despite its extremely low population size, the Pallaresa breed still preserves some alleles that exist at low frequencies in some of the other cattle breeds analysed. This was the case with allele 209 of locus ETH10 which was shared with the Mirandesa breed (allele frequency = 0.010) and allele 140 of locus INRA37 which was shared with the Alentejana (allele frequency = 0.02) and Gasconne (allele frequency = 0.03) breeds. The average number of alleles per locus found in the Pallaresa was equal to 4.3. The average expected genetic diversity (H E ) for all loci was 0.579, and it ranged from 0.142 (ILSTS5) to 0.786 (CSSM66). Three loci, ETH10, HEL1 and INRA35 significantly deviated from the Hardy-Weinberg equilibrium (HWE) ( Table 2 ). After applying Bonferroni correction for 15 tests, only INRA35 showed a significant departure from the HWE with a high deficit of heterozigots (F IS = 0.740, P b 0.01). Overall loci, the breed was in equilibrium (F IS = 0.006, n.s.), even after excluding INRA35 (F IS = −0.030, n.s.). The polymorphism information content (PIC) and the probability of non-exclusion of the first parent are given for each locus in Table 2 . The combined probability of non-exclusion of the first parent for a panel of 15 markers was 0.034 (and 0.037 after excluding INRA35). Two loci, INRA35 and HEL1, showed signs of the presence of null alleles at the 95% of confidence limit, but only INRA35 was significant at the 99% confidence level. Simulations have shown that null alleles can slightly overestimate F ST values and have a moderate effect on the accuracy of assignment tests. However, the number of loci and level of genetic differentiation have more significant effect on the accuracy of assignment testing than the presence of null alleles. Thus, loci affected by null alleles can be included in population genetic studies, although they should be used with caution (Carlsson, 2008) . Since INRA35 showed strong evidence of the presence of null alleles, all records were excluded for this locus, but HEL1 was maintained. Subsequent analyses were performed with 14 loci.
No evidence for a recent bottleneck was detected in the Pallaresa. Analysis performed under the Sign Test and the Wilcoxon Sign-Rank Test with the TPM and SMM models were not significant. Table 2 Genetic diversity values for the Pallaresa cattle breed. Abbreviations: No A, total number of observed alleles; H E , expected heterozygosity (unbiased estimate); H O , observed heterozygosity; PIC, polymorphism information content; NE-P1, non-exclusion probability of the first parent; F IS ≈ F within-population inbreeding estimate (n.s., non significant; *P b 0.05; ***P b 0.001).
Locus
No 0.010; Morucha D k = 0.387 ± 0.010). The two breeds that showed higher coancestry coefficients with Pallaresa were also Bruna and Salers (f ij = 0.270 ± 0.007 and f ij =0.272± 0.009, respectively), whereas those with the lower were Tudanca (f ij = 0.198 ± 0.008) and Sayaguesa (f ij = 0.197 ± 0.007). Within-breed coancestry was much higher for Pallaresa than other breeds. Within-breed coancestries tend to increase in population with the lowest size due to the highest contribution of self-coancestries (s ii ) to within-population coancestry (f ii ). Thus, sample size was equalised to 19 individuals for all breeds. However, Pallaresa (f ii =0.437±0.012) still clearly fell out of the range of other breeds (Barrosã, f ii =0.290± 0.010; Aubrac, f ii = 0.406 ±0.018). Fig. 1 shows the phylogenetic relationships of the Pallaresa with other cattle breeds from France, Portugal and Spain (see Material and methods). The Pallaresa showed a great genetic differentiation clustered together the Bruna with a bootstrap value of 51%. This is consistent with the minimum F ST genetic distance obtained (F ST = 0.112) and the maximum gene flow found (2 migrants per generation) between these two breeds ( Table 3 ). All F ST values of the matrix were statistically significant (P b 0.001).
The assignment tests of individuals to different clusters were performed with STRUCTURE, and assuming that there were three real distinct populations, one per breed. Mean proportion of membership of each breed fell in one distinct cluster (cluster 1: Bruna, Q = 0.84; cluster 2: Pallaresa, Q =0.96; cluster 3: Pirenaica, Q = 0.85) (see Fig. 2 ). One Pallaresa individual had partial ancestry in cluster 2 (0.665) and cluster 3 (0.216). Ten Pirenaica and 12 Bruna individuals presented a proportion of membership to their clusters below 0.80. These Pirenaica individuals were fully or partially assigned to cluster 1 (Q: 0.30−0.91) but not to cluster 2 (Q b 0.110). Eight Bruna individuals were fully or partially assigned to cluster 3 (Q: 0.19−0.98), and four individuals were partially assigned to cluster 2 (Q: 0.24−0.50). Table 4 shows average values of 26 morphologic measures and their standard errors, coefficients of variation and minimum and maximum values.
Morphological analysis
Discussion
Despite its extremely low population size, the sole extant population of the Pallaresa cattle breed still preserves moderate levels of genetic diversity. The average number of alleles per locus found in the Pallaresa was lower than the range of values obtained in other western European cattle breeds using the same microsatellite markers (5.5 for Mirandesa; 7.2 for Gasconne) (Cañón et al., 2001 ). This parameter is one of the most important in conservation genetics because it provides information on the long-term evolutionary potential of a population (Petit et al., 1998) . However, this is greatly affected by sampling size, particularly in cases such as that presented here in which the Pallaresa individuals genotyped are 40% of the other cattle breeds used as reference. After rarefaction, the average number of allele per locus (A (38) ; see Table 3 ) fell outside the range of the other cattle breeds analysed with the same 14 markers (4.7, for Mallorquina; 6.4, for Morucha), Table 3 Pair-wise F ST (below the diagonal) and effective number of migrants exchanged per generation (Nm) (with F ST = 1 / (4 Nm + 1), Wright, 1965) The non-significance of F IS is not an unexpected result because the breed is composed by a single family unit. Thus, even if individuals are inbred, they still can be in HWE within the family. However, within-breed kinship distance and molecular coancestry coefficient show that Pallaresa individuals are much more genetically closer from each other than individuals from any other breed analysed. A consistent estimate of consanguinity, which is frequently more reliable than molecular data, may be obtained from pedigree information. In this case, we obtained a value of F for the living population equal to 25.71% which was approximately between one-and two-fold greater than those reported by the Final Report FAIR1 CT95 702, cited by Jordana et al. (2003) . In these cases, the lowest value was found in the Aubrac (F = 0.9%) and the highest in the Alentejana and Sayaguesa breeds (F = 7.0%). It must be taken into account that our result may be underestimated because of the incompleteness of the genealogical information available.
The inbreeding coefficient of founders and both individuals strictly from the first generation was set to F = 0, due to the lack of genealogical data from the base population. However, founders could have been relatives and possibly inbred, so the values of F and AR were possibly underestimated, particularly in the first generations. All living individuals were inbred and closely related. This is a consequence of the small size of the population, but also due to the unbalancing contribution of ancestors to subsequent generations and the strong disequilibrium between males and females at the deepest levels of genealogical tree. Most generations overlapped due to the scarce number of reproductive males, and this led to crossing between close relatives. As a consequence, almost 60% of the genetic variability of the living population originated from one male. High levels of average relatedness between individuals make it unlikely that inbreeding levels can be reduced. In addition, we predict an important loss of molecular genetic diversity in a small number of generations. For instance, almost 33% of alleles remained at very low frequencies (b0.1) and they may easily become extinct in a short time due to the stochastic effects of genetic drift.
However, it seems a paradox that we did not detect evidence of a bottleneck signature in the Pallaresa population. Despite the extreme reduction in its population size, the genetic diversity would have not been significantly reduced over recent decades. Luikart and Cornuet (1998) precise that bottleneck may not be detected if there are not enough individuals sampled to reach statistical power, they are not representative Casellas et al., 2004) . Assignment tests performed with STRUCTURE also show that Pallaresa individuals clustered in a single and distinct group with high Q values. One individual was partially assigned to the Pirenaica cluster, which can be a residual sign of a mixed ancestry of one or more founders. Bruna and Pirenaica mainly clustered separately from each other, though some individuals could not have been clearly assigned to one unique cluster. The few individuals that were partially assigned to the Pallaresa cluster belonged to the Bruna breed. According to kinship distances and coancestry coefficients, the genetically closest breeds to Pallaresa were Bruna and Salers. The neighbour-joining tree ( Fig. 1) and F ST values (Table 3) were consistent with a close genetic relationship between Pallaresa and Bruna. The Bruna is partially descended from the Pallaresa breed. However, even if Pallaresa and Bruna clustered together (Fig. 1) , the genetic differentiation between them was considerable. According to Cañón et al. (2001) and Jordana et al. (2003) , genetic drift can explain the genetic diversity of western European cattle breeds, contributing to their differentiation. This is supported by the statistically significant F ST values obtained (Table 3 ). The stronger genetic differentiation of the Pallaresa breed would be a result of the change of allelic frequencies or the extinction of some alleles due to its reduced population size. Migration is another evolutionary force that homogenises breeds. Due to its geographical proximity, the Bruna is the most likely breed to interbreed with the Pallaresa. According to our estimates, the upper limit of the number of migrants per generation allowed to maintain the genetic differentiation between Pallaresa and Bruna is around two (Table 3) . However, this result should be taken with caution because indirect gene flow methods estimated using molecular markers are often ambiguous and prone to multiple interpretations (Bossart and Prowell, 1998) . Beja-Pereira et al. (2003) found a more remarkable genetic differentiation among breeds from northern Iberia than among those from other regions on the Iberian Peninsula. This occurs because in northern Iberia the agricultural system consists of small herds located in isolated regions due to geographical and environmental barriers. This fact makes northern regions of the Iberian Peninsula, such as the Pyrenees, an important reservoir of diversity, and breeds and populations living in these environments should be our priority for conservation purposes. For these reasons, the recovery of the Pallaresa cattle breed is necessary. Thus, the management of the breed must include a careful planning of crossings between individuals. As preliminary actions, we suggest to increase the number of bulls to avoid regular bottlenecks in the male line, and mating the most unrelated animals in the population according to their molecular and genealogical coancestry coefficients to prevent an increase in inbreeding and average relatedness, and to maximize the gene diversity of the breed. However, the impact of these actions are limited due to the fact that whole breed is composed by close relatives. Therefore, crossbred individuals could be allowed to preserve the genetic pool of Pallaresa, and to prevent the genetic impoverishment of the breed by controlled mating among mixed and pure individuals. Bruna cows would be the appropriate choice to interbreed with Pallaresa bulls because they are genetically closer and some individuals may have recent mixed ancestry with Pallaresa. Following a similar approach to that recently proposed by Sobral et al. (2009) for the recovery of an extinct bovine population from the Algarve region of Portugal, white-coated individuals belonging to the Bruna dels Pirineus population would be suitable to interbreed with Pallaresa if they were selected according to likeness in the morphometric variables showed in Table 4 . Bayesian clustering (STRUCTURE) could be applied to select individuals with higher levels of mixed ancestry with Pallaresa.
Conclusion
Despite its extremely low population size and high consanguinity, the sole extant population of the Pallaresa cattle breed still preserves relatively good levels of genetic diversity. The proven fact that the northern regions of the Iberian Peninsula, such as the Pyrenees, are an important reservoir of diversity, endorses the priority of the recovery of the Pallaresa breed for conservation purposes. Thus, the management of the breed must include a careful planning of crossings between individuals, taking into account the average relatedness between candidate pairs of reproductive individuals. In addition, a minimal number of matings (b2 per generation) between Pallaresa bulls and Bruna dels Pirineus cows selected according to genetic and morphological closeness could be allowed to prevent the genetic impoverishment of the Pallaresa population, and to increase their effective population size.
